Changes in both brain structure and neurophysiological function regulating homotopic as well as heterotopic interhemispheric interactions (IHIs) are assumed to be responsible for the bimanual performance deficits in older adults. However, how the structural and functional networks regulating bimanual performance decline in older adults, as well as the interplay between brain structure and function remain largely unclear. Using a dual-site transcranial magnetic stimulation paradigm, we examined the age-related changes in the interhemispheric effects from the dorsolateral prefrontal cortex and dorsal premotor cortex onto the contralateral primary motor cortex (M1) during the preparation of a complex bimanual coordination task in human. Structural properties of these interactions were assessed with diffusion-based fiber tractography. Compared with young adults, older adults showed performance declines in the more difficult bimanual conditions, less optimal brain white matter (WM) microstructure, and a decreased ability to regulate the interaction between dorsolateral prefrontal cortex and M1. Importantly, we found that WM microstructure, neurophysiological function, and bimanual performance were interrelated in older adults, whereas only the task-related changes in IHI predicted bimanual performance in young adults. These results reflect unique interactions between structure and function in the aging brain, such that declines in WM microstructural organization likely lead to dysfunctional regulation of IHI, ultimately accounting for bimanual performance deficits.
Introduction
Bimanual movements are a hallmark of human motor skills requiring both hands to work in a coordinated manner to accomplish a common goal . With advancing age, bimanual performance shows declines, profoundly impacting activities of daily living and quality of life. In particular, performing complex bimanual movements requires more effortful processing in older adults e.g., Summers et al., 2010) . It has been suggested that age-related functional changes in interhemispheric interaction (IHI) between primary motor cortices (M1s) via fibers of the corpus callosum (CC) (Gazzaniga, 2005) are, at least partly, responsible for motor performance declines (Talelli et al., 2008; Fling and Seidler, 2012 ). This view is further supported by recent structural imaging work demonstrating associations between age-related declines in bimanual motor performance and changes in the microstructural organization of the CC subregions connecting homologous brain areas, including both M1s .
Typically, fMRI and transcranial magnetic stimulation (TMS) studies have shown that older adults recruit wider brain regions to perform cognitive and motor tasks (Mattay et al., 2002; Heuninckx et al., 2005; Fujiyama et al., 2010; Goble et al., 2010; Fujiyama et al., 2012) , and interactions between brain regions become more pronounced in the aging brain (Ward, 2006; Reuter-Lorenz and Cappell, 2008; . More specifically, older adults show greater reliance on interhemispheric interactions between dorsal premotor cortex (PMd) and contralateral M1 during a sensorimotor reaction time task relative to young adults (Hinder et al., 2012) . In the context of bimanual movement, disinhibitory IHIs between M1s assessed at rest were found to predict better performance in older adults (Fling and Seidler, 2012) . However, to date, no studies have addressed interhemispheric projections from nonprimary motor areas to the contralateral M1 for the performance of bimanual movements in older adults. The basic motor network dynamically extends into parietal, temporal, and prefrontal regions as task complexity increases . In addition, given that M1s are relatively resistant to age-related changes (Barrick et al., 2010) , the relative importance of interhemispheric influences exerted from nonprimary motor regions during more complex movement conditions is likely to increase with advancing age (Hinder, 2012) .
Notably, the reported changes in brain structure and neurophysiological function contributing to the bimanual performance decline in older adults were derived from studies that assessed these two underlying mechanisms independently. As such, direct evidence linking these phenomena via a straightforward relationship between brain structure, neurophysiological function, and behavior, while considering wider brain networks necessary for the performance of a complex bimanual movement, does not exist. It is therefore crucial to empirically investigate how brain structure and neurophysiological function interact to regulate behavior. Thus, task-related IHI modulations during complex bimanual movements were assessed as well as the microstructural organization of reconstructed fiber tracts, used for interhemispheric communication between different brain regions. Specifically, for neurophysiological function, we investigated the interhemispheric projections from dorsolateral prefrontal cortex (DLPFC) and PMd, both being highly involved in bimanual movement (Debaere et al., 2004 ; for review, see , to contralateral M1 using the dual-site TMS (dsTMS) IHI paradigm (Mochizuki et al., 2004; O'Shea et al., 2007; Hinder et al., 2012) . We used diffusion-based fiber tractography to quantify the microstructural organization of tracts connecting DLPFC and PMd with contralateral M1. This multimodal approach allowed us to elucidate neurophysiological function, structure, and behavior. We specifically focused on the preparation of complex bimanual movements as older adults demonstrate declined preparatory processes (Sterr and Dean, 2008) , causing suboptimal execution (Hallett, 2000) . We predicted that the extent of task-related modulation in IHI from DLPFC and PMd to contralateral M1 would be reduced in older adults relative to young adults as a result of the less coherent white matter microstructure of the interhemispheric fiber tracts connecting those regions, resulting in bimanual performance deficits in older adults.
Materials and Methods
Participants. Groups of healthy young (n ϭ 15, 7 males, age 22.6 years, SD 2.6 years) and older adults (n ϭ 15, 9 males, age 66.0 years, SD 3.4 years) participated in the study. The Edinburgh Handedness Questionnaire (Oldfield, 1971) revealed that all participants were strongly right-handed (Ͼ95). All older participants were screened for cognitive impairments using the Montreal Cognitive Assessment (Nasreddine et al., 2005) , revealing scores within the normal range (Ն26). Participants were further screened, checking exclusion criteria for TMS, which were adopted from Rossi et al. (2009) . We also applied exclusion criteria for MRI studies, referring to the checklist formulated by the local hospital (UZ Leuven). Participants did not have any known neurological or psychiatric disorders. In addition, the MRI scans were checked for abnormalities. MR images were examined by a certified clinical MRI expert (S. Sunaert) to screen for any abnormalities. The protocol was in accordance with the Declaration of Helsinki (1964) and was approved by the local ethical committee of KU Leuven, Belgium (Project S51615). Participants were financially compensated for participation and provided written informed consent before the experiment.
Bimanual tracking task (BTT) . A complex bimanual visuomotor task (BTT) was used, for which the involvement of the DLPFC and PMd has been previously demonstrated (Sisti et al., 2011 Gooijers et al., 2013; . To identify the specific contribution of these brain regions for the control of the respective hand movements, we compared iso (1:1) and two noniso interhand frequencies with conversing frequency arrangements (3:1 and 1:3, i.e., left hand three times faster than right hand, and vice versa). The goal of the BTT was to accurately track a moving target presented on a screen with a cursor by rotating dials (Sisti et al., 2011 Gooijers et al., 2013; . Participants were comfortably seated on a chair with both arms placed on a table situated in front of them. The palms faced down on palm rests and the elbows were bent at ϳ135°. The palm rests were designed to help relaxing the hand muscles and to assure freedom of the index finger movements throughout the experiment. Participants were asked to place their index finger in a small groove to position the fingertip (diameter of 1.5 cm) in the dial (diameter of 5 cm), which was situated ϳ60 cm in front of them (Fig. 1A) . The left (L) and right (R) dial rotations were associated with the movements of the cursor on the ordinate and abscissa, respectively. The current setup was adapted from the previously used version to maximize its suitability for a TMS protocol. Specifically, participants were instructed to move only their index fingers to manipulate rotating dials because the corticospinal projection to the primary mover of the index fingers (i.e., first dorsal interosseus [FDI] muscles) was targeted with TMS (for more details, see TMS procedure and EMG recording). A PC screen situated at a distance of ϳ80 cm from the participants displayed visual stimulation and online feedback. During the experiment, participants' hands were covered to direct their attention to the PC screen.
A BTT trial started with a display of a blue target line (target template [TT]), which was presented until the end of the trial ( Fig. 2A) . Two seconds after the onset of TT, an auditory imperative stimulus (IS, 525 Hz) was presented for 126 ms. Concurrently with IS, a white target dot started to move along the target line from the start to end position at a constant speed (duration 7 s). Participants traced the moving white dot along a target line by simultaneous cyclical rotation of two dials with the left and right index fingers. Concurrent visual feedback was provided by means of a red cursor displaying the actual tracking trajectory based on the coordination between both fingers. Participants were required to rotate the dials clockwise with same (isofrequency) or different interhand frequency (nonisofrequency) ratios and with a different task allocation to each hand (1:1, 1:3, 3:1) (Fig. 2B) . The size of the TT, target dot, and a red cursor corresponded to 162, 0.19, and 0.58 virtual units, respectively. The latter ratio indicates the relative speed of each hand compared with the other hand. As such, 1:3 indicated that the right hand is required to move three times faster than the left hand, whereas 3:1 indicates that the left hand is required to move three times faster than the right hand. Intertrial interval was set at 3 s.
Kinematic analyses. The positions (x, y) of the target dot and cursor, which represents participant's kinematics, were sampled at 100 Hz and analyzed using Labview (8.5) software (National Instruments). Accuracy of tracking movement was assessed by a measure of target error in virtual units, which was obtained every 10 ms by measuring the mean Euclidean distance between the target and the cursor position at each point in time at each non-TMS trial. This measure is sensitive to detect any delays in movement onset. Preliminary analyses demonstrated that the anticipatory taskrelated modulations of projections from bilateral DLPFC and left PMd predicted the successful performance of the nonisofrequency (3:1 and 1:3) coordination tasks for up to 2 s into the trial, showing significant correlations between changes in IHI during the preparatory period and subsequent behavioral performance for both young and older adults ( ps Ͻ 0.05). As such, we focused on the target error for the time period between 0 and 2 s in a trial.
Image acquisition. A Philips Ingenia 3T CX MRI scanner with standard head coil was used for image acquisition. For all subjects, a highresolution T1-weighted structural image was acquired using MPRAGE (TR ϭ 2300 ms, TE ϭ 2.98 ms, 1 ϫ 1 ϫ 1.1 mm 3 voxels, field of view ϭ 240 ϫ 256 mm 2 , 160 sagittal slices) for anatomical detail.
Multishell diffusion tensor images were acquired using the following parameters: singleshot spin-echo; slice thickness ϭ 2.5 mm, TR ϭ 8700 ms, TE ϭ 116 ms, number of diffusion directions ϭ 150, number of sagittal slices ϭ 58, voxel size ϭ 2.5 ϫ 2.5 ϫ 2.5 mm 3 . Diffusion weightings of b ϭ 0, 700, 1000, and 2800 s/mm 2 were applied along 7, 25, 40, and 75 uniformly distributed directions (Poot et al., 2010) , respectively. Each series of diffusionweighted images was preceded by a b ϭ 0 image. An additional 7 non-diffusion-weighted images were acquired, yielding 10 b ϭ 0 images in total.
Diffusion-weighted image processing and probabilistic tractography. The diffusion data were preprocessed using the FMRIB (Functional MRI of the Brain) Software Library, FSL (Oxford University, Oxford, United Kingdom; www.fmrib.ox.ac.uk/fsl). Before processing, using Explore DTI (Leemans et al., 2009), we visually inspected each diffusionweighted imaging volume at high frame rate to identify visible artifacts in the data, such as large signal dropouts and geometric distortions (Gooijers et al., 2014) . Following a recent recommendation (Tournier et al., 2011) , the images were inspected in different "orthogonal" views to observe any interslice and intravolume instabilities (i.e., the "zebra pattern" or "zipper" artifact). After the visual inspection, for each subject, the diffusion-weighted volumes were aligned to its corresponding nondiffusion-weighted (b0) image. Following Fan et al. (2014) , the diffusion data were concatenated across different shells and corrected jointly for eddy-current-induced geometric distortions. The gradient direction table was adjusted to account for rigid transformations resulting from motion and eddy current corrections.
Cortical seed masks. Using FSL, cortical seed masks necessary for probabilistic tractography were created in MNI space and transformed. The middle frontal gyrus (MFG) was extracted from the Harvard-Oxford Cortical Structural Atlas, provided with FSL. The most anterior half of the MFG was determined as the DLFC (Smith et al., 2004) . For M1 and PMd, we used the Human Motor Area Template (http://lrnlab.org/) (Mayka et al., 2006) . We also created a mask for the CC using the JHU ICBM DTI-81 atlas (Mori et al., 2008) . Using the FMRIB's Diffusion Toolbox, the diffusion tensor model was fit to the data, from which fractional anisotropy (FA) images were obtained. The individual FA images were processed with tract-based spatial statistics (Smith et al., 2006) part of FSL (Smith et al., 2004) . Using a nonlinear registration, all subjects' FA images were registered to common space (FMRIB58_FA) provided by FSL. The inverse of the registrations generated during the previous step was used to warp the seed masks to subject spaces.
Probabilistic tractography. Tractography between regions of interest (ROI) was performed with the MRtrix software package (Brain Research Institute, Melbourne, Australia; http://www.brain.org.au/software). From the each individual eroded FA map, a mask of predominantly single fiber voxels was extracted by choosing only strongly anisotropic (FA Ͼ 0.7) voxels to estimate the spherical-harmonic coefficients of the response function (Tournier et al., 2004 (Tournier et al., , 2008 . Then, using MRtrix the fiber orientation distribution (FOD) was estimated at a whole-brain level by spherical deconvolution of the diffusion-weighted signal assuming that the diffusion-weighted signal measured from any fiber bundle is adequately described by a single response function (Tournier et al., 2004) . This method has shown to provide FOD estimates that are robust to noise while preserving angular resolution and allowing tracking in regions of crossing fibers (Tournier et al., 2007) . Constrained spherical deconvolution (CSD) was then performed based on the response function (Tournier et al., 2007) . CSD reflects the distribution of fiber orientations within a given voxel and sufficiently circumvents the issue of crossing fibers inherent in the diffusion tensor model, resulting in improved tract reconstructions (Tournier et al., 2004 (Tournier et al., , 2008 . CSD was performed with the maximum harmonic order set to 8. Subsequently, probabilistic fiber tracking was conducted to eliminate the following Figure 1 . A, Experimental setup. The palm and arm rests were provided for increasing comfort. The palm rests are designed to help relaxing hand muscles and to assure freedom of the index finger movements throughout the experiment. The hands and dials were covered during the experiment. B, In each session, one of the interhemispheric interactions was examined in both directions (i.e., right to left and left to right hemisphere). Each direction consisted of 6 experimental blocks. Black coil represents test stimulation (TS). Gray coil represents conditioning stimulation (CS). DLPFC, dorsolateral prefrontal cortex; PMd, dorsal premotor cortex; M1, primary motor cortex; ISI, interstimulus interval. tracts based on an algorithm which uses the fiber orientation at each step: (1) left DLPFC-right M1, (2) right DLPFC-left M1, (3) left PMd-right M1, (4) right PMd-left M1, (5) left M1-right M1, and (6) right M1-left M1 restricting tracts passing the CC. As such, any tracts connecting these cortical regions via the CC were included in the reconstructed tracts. Importantly, this procedure does not exclude pathways passing via subcortical structures. We visually inspected the cortical seed masks and confirmed that the individual target coordinates used for our TMS experiments (see TMS procedure and EMG recording) were included in the masks. The parameters for the algorithm were a step size of 0.2 mm, a radius curvature of 1 mm, maximum track length of 200 mm, and an FOD cutoff value of 0.1. Finally, a tracts density image was created for each tract for further analysis. Mean FA values for each interhemispheric tract were obtained by averaging FA values for all voxels, which were included in each tract, using the mrstats function in MRtrix. The FiberNavigator (Chamberland et al., 2014) was used for visualization.
TMS procedure and EMG recording. We used a dual-site (ds)TMS paradigm (Ferbert et al., 1992) to investigate IHI from DLPFC and PMd to contralateral M1 as well as between M1s in both directions (i.e., left to right and right to left). The dsTMS paradigm was designed to investigate interhemispheric communication via fibers of the CC (Gerloff et al., 1998; Gazzaniga, 2005) , which is essential for the performance of bimanual movement (for a review, see Gooijers and Swinnen, 2014) . For the successful performance of temporally and/or spatially different bimanual movements (such as polyrhythmic bimanual tapping), it is essential to suppress the more intrinsic (in-phase) coordination mode. Interhemispheric interactions are assumed to play a critical role in this regulatory process (Geffen et al., 1994) . We investigated the projections from DLPFC and PMd to M1 in both directions (i.e., left to right hemisphere and vice versa) as well as the bidirectional M1-M1 interaction as a control condition to obtain a comprehensive picture of the role of these brain regions in the preparation of bimanual movements (Fig. 1B) .
IHI measurement was performed with two monophasic Magstim 200 units (Magstim), each connected to a figure-of-eight coil (50 mm outer diameter of each wing). For M1 stimulation, the coil was tangentially placed over the optimal position (hotspot) of the head to induce a posterior-anterior current flow and to elicit motor evoked potentials (MEPs) in the FDI muscle. EMG surface electrodes (Ag/AgCl) were placed over the FDI in both hands with a belly-tendon montage. Signals were amplified with a gain of 1000, bandpass filtered (10 -500 Hz), and Figure 2 . A, A trial of the BTT starts with a display of a blue target line (TT), which was presented for an entire trial. An auditory IS (525 Hz, 126 ms) was presented 2000 ms (preparatory phase) after the onset of TT. Concurrently with IS, a white target dot started to move along the target line from the starting (middle of the screen) to the end of the TT at a constant speed (duration ϭ 7000 ms). Participants were required to trace the moving white dot along a target line by simultaneous cyclical rotation of two dials with left and right index fingers. Concurrent visual feedback was provided by means of a red cursor displaying the actual tracking trajectory based on the contribution of both limbs. B, Participants were required to rotate the dials clockwise with same or different interhand frequency ratios (1:1, 1:3, 3:1) to be able to follow the target template (blue line). The angle of the blue line denotes the frequency ratio. For example, 1:3 notation indicates that the right hand is required to move three times faster than the left hand. C, The modulation of interhemispheric interactions between the DLPFC and contralateral primary motor cortex (M1), dorsal premotor and contralateral M1, and M1 and M1 during movement preparation were investigated. In a trial, the test stimulus was delivered either at the onset of the target template (TT0 ms) or at 50 ms before the onset of the auditory imperative signal (IS-50 ms), whereas the conditioning stimulus was applied to DLPFC, PMd, or M1 before TS with a designated IHI (i.e., 60 ms for DLPFC, 8 or 40 ms for PMd, and 10 or 40 ms for M1).
sampled at 2000 Hz a using MESPEC 8000 EMG system (Mega Electronics) for offline analysis. The individual resting motor threshold (rMT) was determined as the lowest stimulus intensity that produced MEPs of Ͼ50 V in the right and left FDI muscles in at least three of five consecutive trials when stimulating at the predetermined hotspots. To ensure TMS was precisely targeted on the desired stimulation area, a highresolution structural T1-weighted anatomical image of each subject (Philips Ingenia 3.0T CX, repetition time/echo time ϭ 9.6/4.6 ms, inversion time ϭ 900 ms, field of view ϭ 250 mm, flip angle ϭ 8°, matrix ϭ 256 ϫ 256, voxel size 1.0 ϫ 1.0 ϫ 1.0 mm) was coregistered with the fiducial landmarks using a neuronavigation system (Visor 2, ANT Neuro). The location of DLPFC was identified following Mylius et al. (2013) . First, the MFG was established, which was bordered by the anterior border of MFG, superior frontal sulcus (SFS), inferior frontal sulcus (IFS), and precentral sulcus (PCS). Second, the MFG was divided equally into three parts and the separating line between the anterior and middle thirds of the MFG was defined as DLPFC (for more details, see Mylius et al., 2013) . PMd was defined as being located immediately anterior to PCS and adjacent to the dorsal bank of SFS (Duque et al., 2012) . This area likely corresponds to the caudal part of the dorsal premotor cortex (F2, PMdc) in monkeys (Fink et al., 1997; Picard and Strick, 2001 ). This part of premotor cortex has been associated with movement preparation (Picard and Strick, 2001 ). The mean Ϯ SD values of Talariach coordinates are as follows: young adults, left DLPFC, x ϭ Ϫ38.0 Ϯ 4.8, y ϭ 36.7 Ϯ 4.8, z ϭ 34.9 Ϯ 3.9; right DLPFC: x ϭ 37.5 Ϯ 2.4, y ϭ 37.7 Ϯ 5.2, z ϭ 31.3 Ϯ 4.6; left PMd: x ϭ Ϫ30.2 Ϯ 2.2, y ϭ Ϫ2.4 Ϯ 6.3, z ϭ 54.0 Ϯ 1.3; right PMd: x ϭ 29.4 Ϯ 3.2, y ϭ Ϫ3.6 Ϯ 5.9, z ϭ 55.1 Ϯ 2.2; older adults, left DLPFC, x ϭ Ϫ33.5 Ϯ 3.5, y ϭ 37.8 Ϯ 6.2, z ϭ 30.2 Ϯ 8.2; right DLPFC: x ϭ 33.6 Ϯ 5.6, y ϭ 38.5 Ϯ 7.5, z ϭ 33.1 Ϯ 7.7; left PMd: x ϭ Ϫ31.7 Ϯ 5.4, y ϭ 1.6 Ϯ 4.5, z ϭ 51.5 Ϯ 4.6; right PMd: x ϭ 31.7 Ϯ 4.4, y ϭ Ϫ1.8 Ϯ 7.7, z ϭ 52.1 Ϯ 5.7, as estimated at the cortical surface. There were no group differences in any of the coordinates which were examined by independent t tests ( p Ͼ 0.10).
For the assessment of IHI, we used the dsTMS paradigm. The dsTMS paradigm initially evolved to investigate IHI between homolog M1s (Ferbert et al., 1992) . The protocol involves the delivery of a conditioning stimulation (CS) to one hemisphere before the delivery of a testing stimulation (TS) to the other hemisphere at interstimulus intervals (ISIs) of 6-60 ms (Ferbert et al., 1992; Ni et al., 2009) . It is assumed that IHI with short ISI (Յ10 ms) is mediated by postsynaptic GABA A mechanisms, whereas GABA B -ergic circuits are responsible for IHI with long ISI (Ն40 ms) (Chowdhury et al., 1996; Sanger et al., 2001; Irlbacher et al., 2007) .
For M1-M1 and PMd-M1, two ISIs were applied to investigate short (SIHI) and long IHI (LIHI). For PMd-M1 IHI, 8 and 40 ms ISIs were used, whereas for M1-M1, 10 and 40 ms ISIs were used to assess SIHI and LIHI, respectively (Hinder et al., 2012) . For DLPFC-M1 interaction, a 60 ms ISI was used to assess only LIHI, as SIHI appeared to be absent in DLPFC-M1 interaction (Ni et al., 2009 ). The TS intensity was set to elicit an MEP of ϳ1 mV (peak-to-peak) for the FDI muscle in each hand during rest. The CS intensities were set to 110% rMT for M1 and PMd (Kroeger et al., 2010; Hinder et al., 2012) , whereas 140% rMT was used to stimulate DLPFC (Ni et al., 2009; Uehara et al., 2013) .
Procedure. All participants first underwent an MRI session followed by three TMS experimental sessions to assess IHI during the performance of BTT. The order of TMS sessions was counterbalanced across participants. For each TMS session, one of the three types of interhemispheric interaction (DLPFC-M1, PMd-M1, or M1-M1) was examined on different days with at least 48 h between sessions. In each session, interhemispheric interaction from both left to right (L ¡ R) and right to left (R ¡ L) hemisphere was investigated using dsTMS.
In each TMS session, we determined rMT and the stimulus intensity that is necessary to evoke an MEP amplitude of ϳ1 mV for each hemisphere. Then we ran two blocks of baseline IHI assessment consisting of 12 TS and 12 CS-TS trials at each ISI (only for PMd-M1 and M1-M1) at rest. In each block, one of the directions (i.e., from both left to right and right to left hemisphere) was tested. Thus, a total of 36 TMS trials per block for PMd-M1 and M1-M1 interaction were administered at rest (i.e., 12 TS trials, 12 CS-TS trials for SIHI, and 12 CS-TS trials for LIHI), whereas a total of 24 trials per block was conducted for the assessment of DLPFC-M1 interaction (i.e., 12 TS trials and 12 CS-TS trials for LIHI). Additionally, at the beginning of each session, participants performed 12 practice trials for each movement frequency condition (1:1, 1:3, 3:1) without TMS delivery before the main IHI experimental trials.
We conducted 12 experimental blocks consisting of 6 consecutive blocks assessing IHI from left to right hemisphere and 6 consecutive blocks assessing IHI from right to left hemisphere. The order of the direction of interaction (i.e., left to right and right to left) was counterbalanced across participants. Within each direction of interaction, participants performed 2 blocks of 3 different movement frequency conditions. For optimal preparation, each block consisted of the same interhand frequency and the order of the blocks was counterbalanced across participants. Each experimental block consisted of 38 trials for PMd-M1 and M1-M1 interactions with two ISIs or 26 trials for DLPFC-M1 interaction with single ISI. PMd-M1 and M1-M1 interactions (i.e., 38 trials) consisted of the delivery of 12 TS, 12 CS-TS, with short ISI (8 ms for PMd and 10 ms for M1), 12 CS-TS with long ISI (40 ms), and additional two non-TMS trials assessing BTT performance in the absence of TMS. For DLPFC-M1 interaction, we only assessed long ISI (60 ms), thus resulting in 26 trials. The time point of the TMS delivery was either at the onset of the target template (TT0 ms) or 50 ms before the onset of the imperative signal (IS-50 ms) in a trial (Fig. 2C ). The first time point (TT0 ms) was to obtain a baseline measurement of IHI during the preparatory period. The second time point, occurring 50 ms before the IS (IS-50 ms), was chosen because the movement-related preparatory effect on the contralateral M1 is likely to be most obvious when closely approaching the movement onset. Accordingly, over two blocks, each movement frequency yielded 12 TS and 12 CS-TS (with each ISIs for PMd-M1 and M1-M1) at each TMS time point. Rest (5 min) between blocks was provided to avoid fatigue.
Data processing and analysis. Mean FA values were calculated for the assessment of microstructural organization for each tract (i.e., mean tract FA). FA is a rotationally invariant index, which ranges between 0 (isotropic) to 1 (anisotropic). FA values have been widely used as a measure of the magnitude and orientation of water diffusion based on eigenvalues in the diffusion tensor (Pierpaoli and Basser, 1996) . Accordingly, higher FA values imply a greater degree of anisotropic motion of water molecules and are thought to reflect a better organization of white matter (WM) microstructure (Basser and Pierpaoli, 1996) .
Corticospinal excitability was determined as the average peak-to-peak MEP in the FDI muscles in a time window of 20 -100 ms following TS only trials. MEPs were subsequently averaged across all trials at each movement frequency condition (1:1, 1:3, 3:1), at each time point (TT0 ms, IS-50 ms), and for each participant. Interhemispheric interactions (referred to as IHI) were determined as the average MEP amplitude (determined as described above) in CS-TS trials, relative to the average MEP amplitude in response to TS (i.e., IHI ϭ MEP CS-TS /MEP TS ). Trials in which root mean square EMG exceeded 10 V (Carson et al., 2004) during the 40 ms immediately preceding the TMS pulse were discarded.
In presenting the results, the data are expressed as mean Ϯ 95% CIs. MEP at rest was analyzed by a 2 [group] ϫ 2 [hemisphere: left, right] ϫ 3 [session: 1, 2, 3] repeated-measures ANOVA, whereas ratio (1:1, 1:3, 3:1) and time (TT0 ms, IS-50 ms) were additionally included as independent variables for the analysis of MEP. We included session as a factor to investigate whether there were any changes in corticospinal excitability over sessions.
Interaction between DLPFC and M1 at rest was analyzed by a 2 [group] ϫ 2 [direction of interaction: R ¡ L, L ¡ R] repeatedmeasures ANOVA, whereas the additional factor ISI [short and long] was included for the analyses of PMd-M1 and M1-M1 interactions at rest. Task-related changes in interactions between different cortical areas were analyzed separately as DLPFC-M1 yielded only one ISI, whereas we investigated two ISIs (short and long) for PMd-M1 and M1-M1 interactions. As such, IHI for DLPFC-M1 was analyzed by a 2 If the sphericity assumption was violated, Greenhouse-Geisser's degrees of freedom adjustment was applied to the critical p values. Newman-Keuls post hoc procedure was used to explore significant main and interaction effects. The level of significance was set at p Ͻ 0.05. Partial squared ( p 2 ) values are provided as measure of effect size, where appropriate. Cutoffs Ն0.01 small, Ն0.06 medium, and Ն0.14 large were applied for p 2 (Sink and Stroh, 2006) . The relationships between brain function, structure, and bimanual performance were examined with correlation analyses for each age group separately. As mentioned above (see Kinematic analyses), the preliminary analyses correlating IHI modulations and BTT target error revealed that IHI modulations in bilateral DLPFC and left PMd to contralateral M1 during preparation of bimanual movement significantly predict successful nonisofrequency performance up to 2 s into a trial in both young and older adults. Accordingly, Pearson product moment correlation coefficients between IHI change score (IHI at IS-50 ms/IHI at TT0 ms, i.e., values Ͼ1 indicate disinhibitory change and values Ͻ1 indicate inhibitory change during the preparatory period) and target error during the initial 2 s into movement execution (obtained in the corresponding trials) was obtained to investigate the relationship between brain function and behavior. Similarly, to evaluate the association between brain structure and behavior, FA value in each tract was correlated with target error during the initial 2 s, which was obtained from the TMS session, assessing the particular interaction. Furthermore, if significant bivariate correlations were evident between FA value and target error, these relationships were subjected to partial correlation analyses to investigate the association between brain structure (FA value) and behavior (BTT target error) by controlling for the effect of function (IHI modulation). Finally, we also assessed the relationship between brain structure and function obtaining correlation coefficients between FA value and corresponding IHI modulation. Bonferroni corrections were applied for all correlation analyses to control for Type I error. Because there were three conditions (i.e., 1:1, 3:1, 1:3) in the BTT, ␣ level was set at 0.017 (0.05/3, critical r ϭ 0.57) for correlation analyses using BTT (i.e., FA vs BTT and IHI vs BTT). For correlation analyses between mean FA values and IHI modulations, ␣ level was set at 0.017 (0.05/3, critical r ϭ 0.57) for DLPFC-M1 (IHI was obtained in three different movement conditions), whereas ␣ level was set at 0.008 (0.05/6, critical r ϭ 0.61) for PMd-M1 and M1-M1 as we tested two ISIs (SIHI and LIHI) for these interactions.
Results
As the primary interest of the current study concerns age-related effects, significant main effects and interactions involving group are described in detail.
BTT performance
BTT performance was assessed examining target error across a 0 -2 s time window during movement execution. Significant main effects of group (F (1,28) ϭ 40.35, p Ͻ 0.001, p 2 ϭ 0.59) and ratio (F (2,56) ϭ 41.89, p Ͻ 0.001, p 2 ϭ 0.35) were best interpreted via a significant interaction of group ϫ ratio (F (2,56) ϭ 10.31, p Ͻ 0.001, p 2 ϭ 0.27). As shown in Figure 3 , age differences were evident at the nonisofrequency mode, whereas older adults showed comparable performance with young adults at isofrequency conditions. In older adults, not only nonisofrequency conditions (3:1 and 1:3) showed higher error than the isofrequency condition. Within the nonisofrequency conditions, the 3:1 condition was more difficult to perform (higher error) than the 1:3 condition. There was no significant main effect of session (F (2,56) ϭ 0.94, p ϭ 0.40, p 2 ϭ 0.03), indicating that performance during the initial 2 s time window did not improve over sessions.
MRI measure
Trajectories from DLPFC, PMd, and M1 to contralateral M1 were successfully reconstructed in all subjects, using probabilistic tractography (Fig. 4) . With respect to the possible pathway connecting DLPFC and contralateral M1, it has been suggested that neural input from the DLPFC likely reaches the contralateral M1 either via ipsilateral M1 or via homologous DLPFC transcallosally and then to the contralateral M1 (Ni et al., 2009). We opted not to apply exclusion masks on either homologous DLPFC or ipsilateral M1 to identify possible pathways because (1) the main research question in the current study was to identify the relationships between brain structure, neurophysiological function, and behavior in older adults; and (2) IHIs assessed with TMS cannot dissociate these different pathways anyway. Our reconstructed interhemispheric fiber tracts strongly supported the latter case (e.g., left DLPFC-right DLPFC-right M1) showing abundant interhemispheric fiber tracts (Kim et al., 2014) reaching homologous DLPFC first and subsequently ascending and entering M1 in the same hemisphere (Figs. 4, 5) .
FA
To compare the microstructural organization between the age groups, mean FA values obtained from each interhemispheric fiber tract were examined. A significant main effect of group (F (1,28) ϭ 19.02, p Ͻ 0.001, p 2 ϭ 0.40) revealed that mean FA value was significantly higher in young adults (0.39 Ϯ 0.02) than older adults (0.36 Ϯ 0.02), suggesting that the directional coherence of intracellular water diffusion declines with advancing age (Fig. 6) . There was also a significant main effect of tracts (F (2,56) ϭ 60.46, p Ͻ 0.001, p 2 ϭ 0.68), suggesting that the mean FA value in DLPFC-M1 tract was significantly lower (0.35 Ϯ 0.02) relative to PMd-M1 (0.39 Ϯ 0.02) and M1-M1 tracts (0.40 Ϯ 0.02) ( p Ͻ 0.001). There were no other significant main effects and interactions (F Ͻ 2.38, p Ͼ 0.10, p 2 Ͻ 0.08).
TMS measures: resting motor threshold and 1 mV TS
For rMT, a significant main effect of group (F (1,28) ϭ 6.73, p ϭ 0.01, p 2 ϭ 0.19) suggested that older adults showed significantly higher rMT (47.99 Ϯ 1.34) than young adults (42.61 Ϯ 1.26) across sessions and hemispheres. Similarly, a significant main effect of group at 1 mV TS intensity (F (1,28) ϭ 10.40, p ϭ 0.01, p 2 ϭ 0.27) revealed that higher TS intensity was required to evoke 1 mV in older adults (57.40 Ϯ 1.48; corresponding to ϳ120% rMT) relative to young adults (49.02 Ϯ 1.48; corresponding to ϳ115% rMT). Importantly, for both rMT and 1 mV, TS main effects or interactions, including hemisphere and session, were not significant (F Ͻ 2.45, p Ͼ 0.10, p 2 Ͻ 0.08), suggesting that rMT and TS intensity did not vary across sessions or hemispheres in both young and older adults.
Corticospinal excitability
As expected, MEP corticospinal excitability of projections to left and right FDI at rest were not significantly different across groups, sessions, and hemispheres (F Ͻ 1.70, p Ͼ 0.19, p 2 Ͻ 0.06). This result, together with rMT and TS intensity, suggests that corticospinal projection at rest was stable across sessions.
Corticospinal excitability at TT0 ms and IS-50 ms during the movement preparation period were compared using MEP amplitude. There were no significant main effects and interactions involving hemisphere, session, time, or ratio (F Ͻ 1.55, p Ͼ 0.20, p 2 Ͻ 0.10), indicating that corticospinal excitability was comparable across hemispheres, sessions, and frequencies. Importantly, ANOVA did not show a significant main effect of time (F (1,28) ϭ 1.13, p ϭ 0.29, p 2 ϭ 0.04), suggesting that corticospinal excitability at TT0 ms (1.61 Ϯ 0.51 mV) was not different from IS-50 ms (1.49 Ϯ 0.50) (Fig. 7) . As such, any IHI modulations in the following analyses reflect changes in conditioned MEP.
Interhemispheric interaction DLPFC-M1
Overall, the DLPFC-M1 IHI at rest was inhibitory for both groups (young, 0.72 Ϯ 0.17; older, 0.67 Ϯ 0.15). The interaction between DLPFC and contralateral M1 at rest was analyzed by a 2 [group] ϫ [direction of interaction: R ¡ L, L ¡ R] repeated-measures ANOVA. There were no significant main effects or interactions (F Ͻ 0.51, p Ͼ 0.48, p 2 Ͻ 0.02), suggesting that, at rest, IHIs between DLPFC and M1 were comparable across age groups and across directions (R ¡ L, 0.68 Ϯ 0.16; L ¡ R, 0.71 Ϯ 0.16).
We next examined task-related modulations in IHI between DLPFC and M1. We predicted that older adults would show a declined ability to modulate DLPFC-M1 IHI, which is likely to show disinhibitory changes during movement preparation of the complex conditions (1:3 and 3:1) because the DLPFC is involved in cognitive regulation of movement. Accordingly, IHI for DLPFC-M1 was analyzed by a 2 [group: Figure 8 , in young adults, IHI showed disinhibitory changes from TT0 ms to IS-50 ms in 3:1 ( p Ͻ 0.001) (Fig.  8B ) and 1:3 conditions ( p Ͻ 0.001) (Fig. 8C) , whereas the level of IHI was unchanged in the 1:1 condition (Fig. 8A) during the preparatory period of the task ( p ϭ 0.996). In contrast, these IHI modulations in nonisofrequency conditions were absent in older adults ( p Ͼ 0.60) as we expected. There were no other significant main effects or interactions (F Ͻ 3.08, p Ͼ 0.0.6, p 2 Ͻ 0.10).
PMd-M1
Overall, the DLPFC-M1 IHI at rest was inhibitory for both groups (young, 0.71 Ϯ 0.19; older, 0.76 Ϯ 0.14). PMd-M1 interaction at rest was analyzed by a 2 We predicted that older adults would show a reduced ability to modulate PMd-M1 IHI, in which the gating of motor output from the contralateral M1 in a task specific manner is manifested (e.g., disinhibitory modulation during movement preparation when the M1 needs to increase motor output). TT 0 ms, IS-50 ms] ANOVA. A significant interaction of direction ϫ ratio, F (2,56) ϭ 4.58, p Ͻ 0.05, p 2 ϭ 0.14 is best interpreted in view of the significant 3-way interaction of direction ϫ ratio ϫ time (F (2,56) ϭ 4.59, p ϭ 0.014, p 2 ϭ 0.14). As illustrated in Figure  8 , the interaction between right PMd and left M1 (Fig. 9B) showed no change during the preparatory period, regardless of the movement ratio, whereas task-related functional modulations in IHI were observed in the interaction between left PMd and right M1 (Fig. 9A) . The left PMd-right M1 interaction became more disinhibitory in the 3:1 condition ( p ϭ 0.001), in which the left hand needs to move three times faster than the right hand. In contrast, the suppression of IHI was observed during the preparation of 1:3 coordination ( p ϭ 0.009). The level of IHI was unchanged for the preparation of isofrequency coordination ( p ϭ 0.36). These task-specific IHI modulations between the left PMd and right M1 likely reflect the left PMd's crucial role for the preparation of the complex bimanual action control. Specifically, it appears that the left PMd is gating the motor output from the right M1 in a functional manner (i.e., less output when the left hand needs to slow down in the 1:3 condition and vice versa in the 3:1 condition). There were no interactions including group as a factor (F Ͻ 3.14, p Ͼ 0.09, p 2 Ͻ 0.10), suggesting that PMd function was maintained in the older adults, contrary to our prediction.
M1-M1
Overall, the M1-M1 IHI at rest was inhibitory for both groups Association between brain structure, neurophysiological function, and behavior Brain structure and behavior: correlation between FA and BTT target error In older adults, but not in young adults, significant negative correlations were found between BTT target error scores and FA values in all of the tracts originating from the left hemisphere but exclusively in the 3:1 condition (Table 1 ; Fig. 10A for DLPFC-M1 tracts; Fig. 11A for PMd-M1 tracts). The significant negative correlations indicate that higher FA was associated with lower target errors, suggesting that less coherent microstructural organization explains poor bimanual tracking performance when the left hand needs to move faster than the right hand in older adults.
Brain structure and neurophysiological function: correlation between FA and IHI disinhibition
Only in older adults, positive correlations between FA and IHI disinhibition in DLPFC-M1 and PMd-M1 interactions were observed (Table 2; Figs. 10B, 11B), suggesting that higher FA values in the tracts between these brain regions were associated with greater disinhibitory IHI change during the preparatory period of the bimanual movements, particularly in nonisofrequency conditions (3:1 and 1:3) in older adults. These positive correlations also suggested that a lower FA value was significantly associated with inhibitory IHI changes. As such, the greater microstructural coherence in these WM tracts is beneficial for the disinhibition of interactions between brain regions, but not for the task-related suppression of interactions.
Neurophysiological function and behavior: correlation between IHI change and BTT target error
As illustrated in Table 3 and Figures 10C and Figure 11C , in both young and older adults, increased IHI disinhibition from bilateral DLPFC and left PMd to opposite M1 was associated with lower errors in BTT performance (i.e., negative correlations were observed in nonisofrequency conditions). That is, the release of inhibition from these brain regions to the contralateral M1 during the preparatory movement period predicted the successful performance in the initial phase of the movement execution in 3:1 condition, in which the left hand needs to move 3 times faster than the right hand. In contrast, the reduced IHI disinhibition between the left PMd and right M1 was significantly associated with lower performance errors in the 1:3 condition (i.e., a positive correlation), suggesting that inhibitory influence from the left PMd to the right M1 was beneficial for the performance of 1:3 condition where the participants needed to slow down the left hand movement.
Association between brain structure and behavior: partial correlation between FA and BTT target error controlling for the influence of IHI change in older adults It is possible to assume that the observed task-related changes in IHI rely on the coherent microstructural organization of the WM tracts. Accordingly, the significant bivariate correlations observed in older adults were then subjected to partial correlations to explore the relationship between brain structure and behavior while controlling for the effects of brain function (IHI). As there is only one ISI (i.e., LIHI) for the left DLPFCright M1 FA and BTT target error, a first-order partial correlation was computed controlling for the effect of LIHI modulation, whereas a second-order partial correlation was applied for the left PMd-right M1 interaction controlling the effect of SIHI and LIHI modulations. Interestingly, the correlation between the left DLPFC-right M1 FA and BTT target error partialling out the variance accounted for by the left DLPFC-right M1 IHI was not significant (r ϭ Ϫ0.22, p ϭ 0.43), supporting the assumption that the relationship between FA value in left DLPFC-right M1 and BTT target error was largely mediated by the left DLPFC-right M1 IHI modulation. In contrast, the association between FA in the left PMd-right M1 and BTT target error remained statistically significant after partialling out the effect of left PMd-right M1 IHI modulation (r ϭ Ϫ0.67, p ϭ 0.01), suggesting that the relationships between FA in left PMd-right M1and BTT target error in the 3:1 condition were preserved beyond the mediating effects of IHI modulation in older adults.
Discussion
This is the first study to assess age-related changes in task-related modulation of interhemispheric projections from DLPFC and PMd to contralateral M1during the preparation of a complex bimanual coordination task. Most importantly, using a unique multimodal approach, we further investigated the interrelationships between brain WM microstructure (interhemispheric fiber tracts), neurophysiological function (task-related IHI modulations), and behavior in older adults. We report that the left PMd function, regulating corticomotor output emerging from the right M1, was largely maintained in healthy aging. In contrast, the ability to disinhibit projections from DLPFC to the contralateral M1 appeared to be declined in older adults and may be responsi- ble for their decreased bimanual performance. Notably, our novel finding is that associations between brain structure (i.e., FA of reconstructed tracts between ROIs), neurophysiological function (i.e., regulation of disinhibitory/inhibitory IHIs between ROIs), and behavior (i.e., target error scores in BTT) are evident in older adults. This was not the case in young adults, in which only neurophysiological function was associated with behavior.
Altered microstructural organization predicts changes in interhemispheric interaction and declined bimanual performance in older adults
Mean FA values in all the reconstructed interhemispheric fiber tracts under consideration were lower in older adults relative to young adults, suggesting that the directional coherence of intracellular water diffusion declines with advancing age. These results are in agreement with a number of previous studies reporting reductions in FA with advancing age (Nusbaum et al., 2001; Sullivan et al., 2001; Abe et al., 2002; O'Sullivan et al., 2004; Serbruyns et al., 2015) , with the largest decline evident in the frontal lobes (Grieve et al., 2007; . The main focus of the present study was to explore the relationships between brain structure, neurophysiological function, and behavior. First, we investigated the correlation between the CSD-derived FA values of the interhemispheric fiber tracts, as a measure of WM microstructure, and bimanual performance. Exclusively in older adults, higher FA values were selectively associated with BTT target errors only in the 3:1 condition in all of the left to right interhemispheric tracts (i.e., DLPFC-M1, PMd-M1, and M1-M1). These results are consistent with previous studies reporting associations between FA values in the callosal fibers (Fling and Seidler, 2012) or subregions of the CC and bimanual task performance. Previous studies have shown that skilled bimanual performance heavily relies on intense interactions between the motor areas in both cerebral hemispheres (Gerloff and Andres, 2002) , which are likely dependent on coherent WM microstructural organization (Gooijers and Swinnen, 2014) . This view has been supported by investigation of the CC microstructure, including interhemispheric tracts connecting homotopic M1s in relation to bimanual movement performance (Fling and Seidler, 2012; Serbruyns et al., 2015) . The current study extends this finding by demonstrating that the WM microstructural organization of interhemispheric fiber tracts between heterotopic cortical regions (i.e., nonprimary motor and primary motor regions) also plays an important role in bimanual coordination tasks, particularly when more complex movements are performed by older adults.
Similarly, WM microstructural organization also predicted neurophysiological function in older adults. Specifically, higher FA values in the heterotopic interhemispheric fiber tracts were positively correlated with disinhibitory IHI modulations in the corresponding pathway during task preparation, and this applied exclusively to older adults. Similarly, Fling and Seidler (2012) reported that more coherent microstructural organization of M1-M1 fiber tracts via CC predicted lower inhibitory interactions (i.e., greater disinhibition) between both M1s. It is important to note that the IHI measure (i.e., ipsilateral silent period) used in their study reflects the general state of inhibitory interactions between primary cortices rather than task-related modulations because it was not obtained during a bimanual movement task. In contrast, our IHI measures reflect task-related changes in transcallosal interactions between prefrontal/premotor regions and M1, as obtained during the preparatory movement period. Accordingly, it is conceivable that our results, together with those of Fling and Seidler (2012) , point out that both static and dynamic interhemispheric interaction relies on the coherent WM microstructural organization in the aging brain.
A recent study revealed that higher FA was correlated with stronger interhemispheric inhibition between M1s at rest in healthy older adults (Wahl et al., 2015) . In the present study, we Figure 10 . DLPFC-M1 interaction. Scatter plots representing relationships between brain structure, neurophysiological function, and behavior. Only in older adults, greater FA value was correlated with lower BTT target error (A) and greater disinhibitory DLPFC-M1 modulation (value Ͼ 1) (B). For the relationship between neurophysiological function and behavior (C), both in young and older adults, greater disinhibitory DLPFC-M1 modulation (value Ͼ 1) during the preparatory period of BTT was associated with lower BTT target error. . Left PMd-right M1 interaction. Scatter plots representing relationships between brain structure, neurophysiological function, and behavior. Only in older adults, greater FA value was correlated with lower BTT target error (A) and greater disinhibitory DLPFC-M1 modulation (B). For both young and older adults, task-specific modulations in left PMd-right M1 IHI were associated with lower target error. In 3:1 condition (C1), greater disinhibitory PMd-M1 modulation (value Ͼ 1) was beneficial for BTT performance, whereas increased inhibitory modulation (value Ͻ 1) was associated with lower BTT target error in the 1:3 condition (C2).
examined the relationship between task-related IHI modulation and FA between M1-M1 interhemispheric pathways, which did not show significant correlations. Apparently, the role of M1-M1 IHI may have been less prominent during the preparatory period compared with actual movement execution.
Maintained left PMd function in healthy aging
The involvement of the PMd in complex bimanual movements has been demonstrated in young adults (van den Berg et al., 2010; Liuzzi et al., 2011) . Our study is the first to investigate the role of the PMd in the regulation of bimanual movements in older adults. For both age groups, task-specific modulations in the interaction between the left PMd and right M1 during the preparation of bimanual movement were observed, which likely reflects the gating role of the PMd for regulating motor output. Specifically, in the 3:1 condition, in which the left hand was required to move faster than the right hand, the left PMd disinhibited the right M1, possibly increasing the corticomotor output emerging from the right M1, whereas the interaction was inhibitory when the left hand needed to move slower than the right hand in the 1:3 condition. This reveals, for the first time, a unique taskdependent gating function of the left PMd during bimanual movements requiring differential motor output for each limb. A growing body of literature suggests that the PMd undergoes functional and structural changes in the aging brain (SolesioJofre et al., 2014; e.g., Levin et al., 2014) . Furthermore, there is evidence to suggest that ipsilateral PMd-M1 connectivity (in comparison, our study examined contralateral PMd-M1 interaction) is reduced in older adults at rest (Ni et al., 2015) . However, because older adults showed comparable IHI modulation between left PMd and right M1 as young adults in our study, we conclude that the functional task-specific gating of motor output in the left PMd remained relatively intact. Our current results are in agreement with a previous study also reporting maintained left PMd function in older adults during the preparatory phase of a simple reaction time task (Fujiyama et al., 2013) .
Changes in DLPFC-M1 interaction are associated with declined bimanual movement in older adults
In contrast to PMd-M1 IHI, older adults failed to show any taskrelated modulations in the DLPFC-M1 IHI, whereas young adults showed disinhibitory IHI modulations in the nonisofrequency conditions (3:1 and 1:3). Furthermore, this selective disinhibition during the preparation of more complex movements seems instrumental for behavior as correlational analyses revealed significant relationships between IHI modulations and BTT performance both in young and older adults. Therefore, the lack of modulation in DLPFC-M1 IHI (at the group level) may perhaps be responsible for the declined BTT performance in older adults. The involvement of the DLPFC in the preparation of these complex bimanual movements likely reflects cognitive control of movement and reliance on internal representations (Miller and Cohen, 2001; Duque et al., 2012) . To determine the causal relationship between DLPFC function and performance of bimanual movements, the use of a repetitive TMS protocol to disrupt the function of the DLPFC during bimanual movements would be helpful. A limitation of the present study is that the stimulation sites were selected on the basis of anatomical landmarks while making use of task-related fMRI in the same subjects to determine the maximum activation site might further improve brain area location accuracy.
Using similar interlimb coordination tasks, previous fMRI studies demonstrated that older adults showed higher activation of the DLPFC relative to young adults (Heuninckx et al., 2005 (Heuninckx et al., , 2008 Goble et al., 2010) , suggesting that older adults recruit DLPFC to implement a higher degree of cognitive control of movement that was not needed in young adults. In line with these findings, the correlational analyses in the current study also revealed the importance of the DLPFC in the regulation of upcoming movements for older adults, yet we observed that brain structure and neurophysiological function connecting the DLPFC and contralateral M1 deteriorated with advancing age.
Interestingly, in older adults, we observed a number of significant positive correlations between FA values and IHI changes in the projection from DLPFC and PMd to the contralateral M1 ( Table 2 ), suggesting that more organized WM microstructure likely provides a foundation for disinhibitory interactions (but not inhibitory) between these cortical regions. Indeed, agerelated volume reduction of the DLPFC is associated with loss of glutamatergic synapses (Morrison and Baxter, 2012) . Furthermore, callosal axons that enable interhemispheric interactions mainly depend on the glutamate neurotransmitter and are thus thought to be excitatory (disinhibitory) rather than inhibitory (van der Knaap and van der Ham, 2011) . Notably, this view is consistent with the observed correlation between FA and BTT performance in the 3:1 conditions (Table 1) . In older adults, lower FA in all reconstructed interhemispheric fiber tracts from left to right hemisphere (i.e., DLPFC-M1, PMd-M1, and M1-M1) predicted higher BTT target errors selectively in the 3:1 task condition, during which the cortical output to the left hand needs to be increased. Therefore, we speculate that these structural changes in the aging brain, particularly in the DLPFC and its projection via CC to the contralateral M1, may have resulted in a reduced ability to modulate disinhibitory DLPFC-M1 IHI in a task-specific manner, and this effect was associated with declined bimanual performance.
In conclusion, the current study provided the first known evidence of dynamic functional declines in interhemispheric projections from DLPFC to the contralateral M1 in older adults. Moreover, the functional interhemispheric projections in the aging brain appeared to rely on the coherence of the microstructure of the interhemispheric fibers. More specifically, age-related changes in white matter microstructure were associated with dysfunctional regulation of releasing interhemispheric inhibition during movement preparation, particularly in DLPFC-M1, which most likely accounted for declined bimanual performance. As such, the present results provide a strong case for interactions between brain structure, function, and behavior in the aging brain.
